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In Brief
McKerrell et al. employ ultra-deep sequencing to show that age-related clonal hemopoiesis is much more common than previously realized. They find that clonal hemopoiesis, driven by mutations in spliceosome genes SF3B1 and SRSF2, was noted exclusively in individuals aged 70 years or older and that NPM1 mutations are not seen in association with this phenomenon, endorsing their close association with leukemogenesis.
INTRODUCTION
Cancers develop through the combined action of multiple mutations that are acquired over time (Nowell, 1976 ). This paradigm is well established in hematological malignancies, whose clonal history can be traced back for several years or even decades (Ford et al., 1998; Kyle et al., 2002) . It is also clear from studies of paired diagnostic-relapsed leukemia samples that recurrent disease can harbor some, but not always all, mutations present at diagnosis, providing evidence for the presence of a clone of ancestral pre-leukemic stem cells that escape therapy and give rise to relapse through the acquisition of new mutations (Ding et al., 2012; Krö nke et al., 2013) . Studies of such phenomena have defined a hierarchical structure among particular leukemia mutations, with some, such as those affecting the gene DNMT3A, displaying the characteristics of leukemia-initiating lesions and driving the expansion of hemopoietic cell clones prior to the onset of leukemia (Ding et al., 2012; Shlush et al., 2014) .
These observations suggest that individuals without overt features of a hematological disorder may harbor hemopoietic cell clones carrying leukemia-associated mutations. In fact, such mutations, ranging from large chromosomal changes (Jacobs et al., 2012; Laurie et al., 2012) to nucleotide substitutions (Busque et al., 2012) , have been found to drive clonal hemopoiesis in some individuals. Recent reanalyses of large exome-sequencing data sets of blood DNA showed that clonal hemopoiesis is more common than previously realized and increases with age to affect up to 11% of those over 80 and 18.4% of those over 90 years (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014) . The presence of such clones was associated with an increased risk of developing hematological or other cancers and a higher all-cause mortality, probably due to an increased risk of cardiovascular disease (Genovese et al., 2014; Jaiswal et al., 2014) .
The important findings of these studies were based on analysis of exome-sequencing data sets that were generated for the study of constitutional genomes, thus trading genomewide coverage for reduced sensitivity for detecting small subclonal events. We used the different approach of targeted resequencing of selected leukemia-associated mutation hot spots in blood DNA from more than 4,000 individuals unselected for blood disorders. In addition to increasing the sensitivity for detecting subclonal mutations, this approach enabled us to prospectively select and study a large number of elderly individuals. Our results show that clonal hemopoiesis is significantly more common than anticipated, give new insights into the distinct age-distribution and biological behavior of clonal hemopoiesis driven by different mutations, and help explain the increased incidence of myelodysplastic syndromes (MDSs) with advancing age.
RESULTS
To investigate the incidence, target genes, and age distribution of age-related clonal hemopoiesis (ARCH), we performed targeted re-sequencing for hot spot mutations at 15 gene loci recurrently mutated in myeloid malignancies (Table 1) Figure S1 for detailed age distributions). To do this, we developed and validated a robust methodology, employing barcoded multiplex PCR of mutational hot spots followed by next-generation sequencing (MiSeq) and bioinformatic analysis, to extract read counts and allelic fractions for reference and non-reference nucleotides. This reliably detected mutation-associated circulating blood cell clones with a variant allele fraction (VAF) R 0.008 (0.8%; see Supplemental Experimental Procedures and Figure S2 ).
We obtained adequate coverage (R1,000 reads at all studied hot spots) from 4,067 blood DNA samples and identified mutation-bearing clones in 105 of these. Of note, not all hot spots were studied in all samples and the derived incidence of mutations in our population as a whole was 3.24% (Table S1 ). However, the incidence rose significantly with age from 0.2% in the 17-29 to 19.5% in the 90-98 years age group ( Figure 1A ). We found one or more samples with mutations at 9 of the 15 hot spot codons studied, with VAFs varying widely within and between mutation groups ( Table 2) .
The most-common mutations were those affecting DNMT3A R882, whose incidence rose with age from 0.2% (1/489) in the 17-25 to a peak of 3.1% (11/355) in the 80-89 age group. A similar pattern was observed with JAK2 V617F mutations (Figure 1A) . By contrast, spliceosome gene mutations at SRSF2 P95, SF3B1 K666, and SF3B1 K700 were exclusively observed in people aged over 70 years, rising sharply from 1.8% in those aged 70-79 to 8.3% in the 90-98 years age group. Among all samples, we identified only six individuals with more than one mutation; significantly, five of them had two independent spliceosome gene mutations of different VAFs ( Figure 1B ). Unfortunately, in each of three cases with two mutations at the same or nearby positions, neighboring SNPs were not informative and the variants could not be phased (see Supplemental Experimental Procedures).Occasional mutations in the genes IDH1, IDH2, NRAS, and KRAS were also seen. Except for three samples with IDH1/2 mutations, hemoglobin concentrations did not differ significantly between individuals with and without hot spot mutations ( Figure S3A ). For samples with full blood count results available, JAK2 V617F mutant cases had a higher platelet count (albeit within the normal range) than ''no mutation cases,'' whereas other results did not differ ( Figure S3B ). No hot spot mutations were found in the few cord blood (n = 18) and post-transplantation (n = 32) samples studied.
Finally, despite using a very sensitive method and a mutationcalling script written specifically for this purpose, no samples with NPM1 mutations of VAF R 0.008 were identified. In fact, variant reads reporting a canonical NPM1 mutation (mutation A; TCTG duplication) were detected in only 1 of 4,067 samples at a VAF of 0.0012 (4/3,466 reads).
DISCUSSION
Hematological malignancies develop through the serial acquisition of somatic mutations in a process that can take many years or even decades (Ford et al., 1998; Kyle et al., 2002) . Also, it is clear that the presence of hemopoietic cells carrying leukemiaassociated mutations is only followed by the onset of hematological malignancies in a minority of cases (Busque et al., 2012; Genovese et al., 2014; Jacobs et al., 2012; Jaiswal et al., 2014; Laurie et al., 2012; Xie et al., 2014) . In order to understand the incidence and clonal dynamics of pre-leukemic clonal hemopoiesis, we interrogated 15 leukemia-associated mutation hot spots using a highly sensitive methodology able to detect small clones with mutations.
We show that clonal hemopoiesis is rare in the young but becomes common with advancing age. In particular, we observed that ARCH driven by the mutations studied here doubled in Also see Table S1 for detailed information about numbers of samples screened for each mutation.
frequency in successive decades after the age of 50, rising from 1.5% in those aged 50-59 to 19.5% in those aged 90-98 (Figure 1 ). Of note, 61 of 112 clones identified had a VAF % 3% (Table 2) , and it is likely that most of these would not have been detected by conventional exome sequencing, which gives lower than 10-fold average coverage compared to the current study (see Table S2 for comparison to such studies), with some recurrently mutated regions giving particularly low coverage (Genovese et al., 2014) . Notably, our study did not search for non-hot-spot mutations associated with ARCH such as those affecting genes TET2 and ASXL1 or DNMT3A codons other than R882 (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014) .
Assuming that the incidence of small clones is similar for such mutations as for the hot spot mutations we studied here, the mean projected true incidence of ARCH driven by leukemiaassociated mutations in those older than 90 years is greater than 70% ( Figure S4 ). This makes clonal hemopoiesis an almost inevitable consequence of advanced aging. Another significant finding of our study is the disparate age distribution of ARCH associated with different mutation types. In particular, we found that, although DNMT3A R882 and JAK2 V617F mutations become more common with age, they were also found in younger individuals. This is in keeping with the increasing cumulative likelihood of their stochastic acquisition with the passage of time. In contrast, spliceosome gene mutations were found exclusively in those aged 70 years or older, replicating the sharp rise beyond this age in the incidence of MDSs driven by these mutations and the fact that, among unselected MDS patients, those with spliceosome mutations are significantly older than those without (Haferlach et al., 2014; (B) Samples with more than one mutation, variant allele fraction (VAF) of each mutation present, and age of participant. Also see Figure S1 for age distribution of all participants.
Exome-sequencing studies describe a much-lower rate of spliceosome mutations (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014) , but this is again likely to reflect their lower sensitivity for detecting small clones, which was a particular limitation at spliceosome mutation hot spots as these were captured/ sequenced at lower-than-average depths (Table S2 ). In our study, 19/33 SF3B1-or SRSF2-associated clones had a VAF % 5%, with 13 of these at VAFs % 3% (Table 2), the majority of which would not have been detected by low-coverage sequencing. The identification of ARCH driven by spliceosome gene mutations is in keeping with the fact that these are founding mutations in the clonal evolution of MDS and related hematological malignancies (Cazzola et al., 2013; Haferlach et al., 2014; Papaemmanuil et al., 2013) .
We propose that the exclusive identification of spliceosome gene mutations in those aged R70 years can be explained by differences in the prevailing pressures on clonal selection at different ages, which can in turn explain how different gene mutations can generate detectable clonal expansions at different ages (Figure 2 ). The alternatives are that spliceosome mutations are associated with slower rates of clonal expansion or that they are detected later because they contribute less to circulating leukocytes. Both of these scenarios are less plausible, given the complete absence of such mutations even at low VAFs in younger age groups. For any somatic mutation imparting a clonal advantage to a stem/progenitor cell and leading to the generation of a steadily expanding clone, one would expect such a clone to be detectable at a smaller size at earlier and a larger size at later time points, as is the case for DNMT3A R882 and JAK2 V617 mutations. Instead, clones (of any size) driven by mutant SRSF2 and SF3B1 were observed exclusively in individuals aged 70 years or older, suggesting that these only begin to expand later in life. Furthermore, considerable support for the presence of a different selection milieu comes from the observation that five of six patients with multiple mutations harbored two independent spliceosome gene mutations, indicative of convergent evolution, i.e., evolution to overcome a shared selective pressure or to exploit a shared environment (Greaves and Maley, 2012; Rossi et al., 2008) .
It is tempting to consider the nature of age-related changes in normal hemopoiesis that make it permissive to the outgrowth of clones driven by spliceosome mutations. HSCs do not operate in isolation; instead, their normal survival and behavior are closely dependent on interactions with the hemopoietic microenvironment (Calvi et al., 2003; Rossi et al., 2008; Zhang et al., 2003) . Therefore, both cell-intrinsic and microenvironmental factors influence hemopoietic aging (Rossi et al., 2008; Woolthuis et al., 2011) . For example, there is good evidence for age-related changes in cell-intrinsic properties of HSCs in both mice (Chambers et al., 2007; Rossi et al., 2005) and humans (Rü be et al., 2011; Taraldsrud et al., 2009) , and it is also clear that aging has a profound effect on the hemopoietic niche, reducing its ability to sustain polyclonal hemopoiesis, favoring oligo-or monoclonality instead (Vas et al., 2012) . These and many other observations provide strong evidence that changes in the hemopoietic system subject HSCs to changing pressures during normal aging, driving clonal selection (Rossi et al., 2008) . Mutations identified in the same sample are highlighted with the same symbol (*, **, y, yy, z, and zz).
A striking example of such selection was described in a 115-year-old woman whose peripheral white blood cells were shown to be primarily the offspring of only two related HSC clones, whose cargo of approximately 450 somatic mutations did not include known leukemogenic mutations (Holstege et al., 2014) . In the absence of somatic driver mutations, it is probable that such selection is driven by well-demonstrated epigenetic differences between individual HSCs (Fraga et al., 2005) or by stochastic events. Furthermore, clonal hemopoiesis in the absence of a known leukemia-driver mutation was also well documented recently (Genovese et al., 2014) , and whereas unknown or undetected drivers may be responsible for many cases of this phenomenon, it is also highly plausible that a stochastic process of clonal selection or loss may operate in others. Our study provides evidence that spliceosome gene mutations offer a means to exploit age-related changes in hemopoiesis to drive clonal hemopoiesis in advanced old age, an observation that blurs the boundary between ''driver'' and ''passenger'' mutations. Such a context dependency is not a surprising attribute for the effects of spliceosome mutations, which have not, so far, been shown to impart a primary proliferative advantage to normal hemopoietic stem and progenitor cells (Matsunawa et al., 2014; Visconte et al., 2012) .
A final important finding of our study was the almost complete absence of canonical NPM1 mutations in our collection of more than 4,000 people, despite the use of a highly sensitive assay for their detection, designed specifically for this study. Among more than 10 million mapped reads covering this mutation hot spot, we identified only four reads in a single sample reporting a canonical mutation (mutation A; TCTG duplication). Given their frequency in myeloid leukemia (Cancer Genome Atlas Research Network, 2013) and the fact that they are not late mutations (Krö nke et al., 2013; Shlush et al., 2014) , this observation frames NPM1 mutations as ''gatekeepers'' of leukemogenesis, i.e., their acquisition appears to be closely associated with the development of frank leukemia. In this light, the frequent co-occurrence of DNMT3A and NPM1 mutations suggests that the former behave as ''rafts'' that enable NPM1 mutant clones to be founded and expanded, thus facilitating onward evolution toward acute myeloid leukemia.
We used a highly sensitive method to search for evidence of clonal hemopoiesis driven by 15 recurrent leukemogenic mutations in more than 4,000 individuals. Our results demonstrate that the incidence of clonal hemopoiesis is much higher than suggested by exome-sequencing studies, that spliceosome gene mutations drive clonal outgrowth primarily in the context of an aging hemopoietic compartment, and that NPM1 mutations do not drive ARCH, indicating that their acquisition is closely associated with frank leukemia. Tables S3 and S4 ) 1 month to 14 years previously, and 18 cord blood samples. Age distribution of the WTCCC and UKHLS cohorts/samples is shown in Figure S1 . Hemoglobin concentrations were available for a total of 3,587 of the 4,067 samples from which adequate sequencing data were obtained for analysis, including 102 of 105 samples with mutations. Full blood count results were available for 2,952 WTCCC samples. The average blood donation frequency for WTCCC donors was 1.6 donations of one unit per year. Details of donations by individual participants were not available.
Targeted Sequencing
Genomic DNA was used to simultaneously amplify several gene loci using multiplex PCR, in order to capture and analyze 15 mutational hot spots enriched for, but not exclusive to, targets of mutations thought to arise early in leukemogenesis (Table 1) . We used three multiplex primer combinations (Plex1-3), guided by our findings, to capture the targeted mutational hot spots (Table S1 ). Primers were designed using the Hi-Plex PCR-MPS (massively parallel sequencing) strategy (Nguyen-Dumont et al., 2013) , except for JAK2 V617 and ''Plex2'' primers, which were designed using MPRIMER (Shen et al., 2010) . These and additional primer sequences used in each Plex and details of PCR-and DNA-sequencing protocols are detailed in Supplemental Experimental Procedures. Methodological validation experiments are shown in Figure S2 .
Bioinformatic Analysis
Sequencing data were aligned to the human reference genome (hg19) using BWA. Subsequently, the SAMTOOLS pileup command was used to generate pileup files from the generated bam files (version 0.1.8; http://samtools. sourceforge.net; Li et al., 2009) . A flexible in-house Perl script generated by our group, MIDAS (Conte et al., 2013) , was modified in order to interrogate only the hot spot nucleotide positions of interest (those with reported mutations in the COSMIC database; Forbes et al., 2015) on the pileup file, considering only those reads with a sequence quality higher than 25 and a mapping quality higher than 15. For each sample, the numbers of reads reporting the reference and variant alleles at each position were extracted. VAFs were derived by dividing the number of reads reporting the most-frequent variant nucleotide to the total. In order to detect NPM1 mutations with high sensitivity,
Figure 2. Proposed Kinetics of Hemopoietic Clones Driven by Different Gene Mutations
Mutations such as DNMT3A R882H/C or JAK2 V617F drive a slow but inexorable clonal expansion, leading to the outgrowth of a detectable clone after a certain latency. By contrast, mutations affecting spliceosome genes, such as SF3B1 and SRSF2, and acquired at the same age for the purposes of this model give no proliferative advantage initially but do so later in the context of an aging hemopoietic compartment. Their effects may operate by prolonging stem cell survival and repopulating fitness beyond that of normal stem cells or by exploiting cell-extrinsic changes in the aging microenvironment.
we wrote a bespoke Perl script described in Supplemental Experimental Procedures.
Statistical Analyses and Mutation-Calling Threshold
We chose a threshold VAF of R0.008 (0.8%) to ''call'' clones with a heterozygous mutation representing R1.6% of blood leukocytes. From validation experiments and data analysis (see Supplemental Experimental Procedures and Figure S2D ), we determined that the maximum false-positive error rate for calling a mutation (VAF R 0.008) due to variant allele counts that are solely due to PCR-MiSeq error was negligible (p < 10 À5 ). For comparisons of blood cell counts and hemoglobin concentrations, we used non-paired t tests. For summary statistics of read coverage (Table S2 ) and for the purposes of deriving an estimate of the overall incidence of clonal hemopoiesis ( Figure S4 ), we used published tables of all mutations reported by three recent studies that employed whole-exome-sequencing analyses to identify individuals with clonal hemopoiesis (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014) .
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